The exposure conditions experienced by copper-coated highlevel nuclear waste containers in a deep geologic repository will evolve with time. An early exposure period involving the gamma irradiation of aerated humid vapor could lead to the formation of nitric acid condensed in limited volumes of water on the container surface. The evolution of the corrosion processes under these conditions have been studied using pH measurements in limited volumes of water containing various concentrations of nitric acid. The extent and morphology of corrosion was examined using scanning electron microscopy on surfaces and on focused ion beam cut cross sections. The composition of corrosion products was determined by energy dispersive x-ray analyses and Raman spectroscopy. In the absence of dissolved oxygen only minor corrosion was observed with the reduction of nitric acid inhibited by the formation of either chemisorbed nitrate and nitrite species or the formation of a thin cuprite (Cu 2 O) layer. When the solution was aerated, both oxygen and nitric acid acted as cathodic reagents. After extensive exposure periods corrosion was stifled by the formation of corrosion product deposits of Cu 2 O, CuO (tenorite), and Cu 2 NO 3 (OH) 3 (rouaite).
INTRODUCTION
The internationally accepted method for the permanent disposal of high-level nuclear waste, which is currently under consideration in Canada, is burial in a deep geologic repository (DGR) at a depth of ≥ 500 m in a suitably dense intact rock, Figure 1 . To ensure containment, the fuel waste form will be sealed in a corrosion resistant container designed to withstand the anticipated hydrostatic, lithostatic, and glacial loads. The original container design was similar to the Scandinavian KBS-3 container, comprising an inner steel vessel protected against corrosion by a 25 mm to 50 mm thick Cu outer shell. 1 However, corrosion models predict that the maximum corrosion penetration in a Canadian DGR will be <1.27 mm over 10 6 y. [2] [3] With this in mind, and to overcome design and fabrication issues, a thinner-walled Cu-coated container is being investigated. 4 This has stimulated a reevaluation of the container corrosion performance, in particular whether or not radiolytic oxidants, produced by the gamma (ϒ) radiation emitted by the decay of radionuclides in the spent fuel wasteform, will lead to meaningful amounts of corrosion damage. For a thick-walled container, ϒ-radiation fields at the outer surface of the container (≪1 Gy/h) were considered unimportant because their influence on corrosion would be negligible. 5 However, for the thin-walled coated container, the ϒ-dose rate at this location will be increased by a factor of >20, and is calculated to decay from ∼2.3 Gy/h to ∼0.02 Gy/h over 200 y. 6 As a consequence, a more thorough analysis of the possible influence of radiation on corrosion damage is required. Upon sealing the DGR, the temperature of the container surface will rise as a result of the heat produced by the radioactive decay processes. Initially, this will produce a low humidity environment in the vicinity of the container and negligible corrosion would be anticipated. Subsequently, moisture will return as the containers cool, allowing the local relative humidity (RH) to exceed the critical value required to establish aqueous conditions, leading to the onset of atmospheric corrosion. 7 The period required to establish full saturation of the near field (i.e., the compacted clay close to the container surface) will depend on the site-specific hydraulic conductivity of the host rock, and is currently estimated to be ∼50 y (for crystalline rock) or ∼5,000 y (for a sedimentary host rock). 8 As saturation occurs, the prospects for corrosion increase, and four different, but not necessarily separated, container exposure periods can be defined: 9 During this evolution, the redox conditions at the Cu surface will be significantly influenced by the ϒ-radiation field which will produce oxidants in both aqueous vapor and condensed H 2 O. This study is primarily concerned with the period when a combination of aerated vapor and condensed water exists at the container surface. Under these conditions the radiolysis of the aerated vapor will produce HNO 3 , 10-12 which will be absorbed into condensed H 2 O in contact with the aerated vapor. [13] [14] [15] The effect of radiation on the corrosion of Cu has been studied in both aqueous solutions [16] [17] [18] [19] [20] [21] [22] [23] and in humid air, 24 usually at dose rates well in excess of those anticipated on a container surface, but with contrasting observations. In both aerated and deaerated chloride solutions (150°C, 27 Gy/h), radiation appeared to be beneficial, leading to the formation of an apparently protective Cu 2 O film. [18] [19] In the absence of radiation, the film was fractured and contained CuCl 3 ·3Cu(OH) 2 indicating breakdown of the Cu 2 O layer and the deposition of Cu 2+ solids. At higher dose rates (80 Gy/h to 770 Gy/h), more extensive corrosion was observed with the deposited corrosion product film (predominantly Cu 2 O) thought to play a significant role in amplifying the influence of ϒ-radiation.
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Under unsaturated aerated conditions more relevant to these studies, modest dose rates (100 Gy/h [90°C to 150°C]) 24 also lead to the formation of an apparently protective Cu 2 O layer, the corrosion rate being only marginally greater (∼1.5 times) than that in the absence of radiation. At a higher dose rate (700 Gy/h), cupric nitrate (Cu 2 NO 3 (OH) 3 ) was formed, again suggesting the establishment of oxidizing surface redox conditions sufficient to cause oxidative breakdown of the Cu 2 O base layer and the incorporation of radiolytically-generated NO − 3 into the corrosion product.
In experiments at very low dose rates (0.35 Gy/h) close to those anticipated under DGR conditions (70% and 85% RH, 70°C), 25 the corrosion process exhibited similar features, the formation of a generally protective Cu 2 O layer with local patches within which this layer appeared ruptured, leading to more extensive corrosion and the formation of Cu 2+ deposits. Whether or not these patches formed depended primarily on the RH, occurring more extensively at the higher RH, but the number of such locations also increased in the presence of radiation.
Cu corrosion driven by both NO 
or if some fraction of the O 2 is only partially reduced to 
However, the conditions under which complete reduction can be achieved have not been resolved. 26, [28] [29] [30] [31] In acidic solutions, at applied potentials approaching E corr , electrochemical experiments indicate the reaction will be limited to one involving only the first two e − leading to NO − 2 formation and the consumption of 2H
While these studies yield information on the influence of radiation on Cu corrosion, they have not elucidated the corrosion mechanisms in sufficient detail that models predicting the extent of radiolytic corrosion of Cu under DGR conditions can be developed. In this paper, a study of Cu corrosion in simulated aerated vapor is presented. The primary goal is to investigate the consequences of the radiolytic production of HNO 3 and its absorption by condensed H 2 O on the corrosion of Cu high-level nuclear waste containers. The progress of corrosion was monitored by following changes of pH in small, limited volumes of solution. While the solution volume used in the experiments (1.5 mL) was large compared to that anticipated in a condensed H 2 O layer or in wet areas on a Cu container surface, it enabled study of the corrosion process up to the establishment of a steady-state condition.
EXPERIMENTAL

Electrode Materials and Preparation
Specimens were cut from an O-free, P-doped, Cu block supplied by SKB † (Svensk Kärnbränslehanter-ing AB). Cu coupons for microcell experiments were cut as 100 mm long cylinders and the top circular surface mechanically polished prior to an experiment using a series of SiC papers from P800 to P2400 grit. The cylinder was then wrapped in PTFE tape, leaving only the top surface exposed. Heated PTFE heat shrink tubing was then placed over the Cu cylinder and allowed to shrink and form a seal to the PTFE tape, Figure 2 . A solution volume of 1.5 mL was used in each experiment. After each experiment, a 5 mm thick disc was mechanically cut from the top of the Cu cylinder to provide a specimen for analyses of the corroded surface.
Solutions
All solutions were prepared using Type-1 water from a Barnstead Nanopure † (Thermoscientific) water purification system with a resistivity of 18. 
Experimental Procedures
The solution pH was measured periodically by temporarily removing the rubber stopper from the microcell and inserting an Orion 9110DJWP Double Junction pH Electrode † , Figure 2 . Care was taken to avoid contact of the pH probe with the Cu surface. On completion of an experiment, the cell was dismantled and the corroded surface washed with Type-1 H 2 O. A section ∼5 mm thick was then cut from the surface for analyses. The freshly exposed surface was then reprepared as described above.
Analytical Procedures
Scanning electron microscopy (SEM) analyses were performed using a Hitachi SU3500 were collected using a 50× uncoated objective lens with the beam focused to a diameter of ∼2 μm. The power of the laser beam at the sample surface was kept to 10% to avoid laser heating effects. All spectra were calibrated against the 520.5 cm −1 peak of Si.
On completion of an experiment, the 1.5 mL of HNO 3 used in the microcell experiments was placed in a glass vial and analyzed by inductively coupled plasma mass spectrometry (ICP-MS) to determine the concentration of dissolved Cu. All ICP-MS analyses were performed using an Agilent Model 7700
† ICP-MS.
The depth of grain boundary etching and the degree of surface roughness were investigated using a Park Systems XE-100 † atomic force microscope (AFM). Optical images were collected using a Leica DVM6 † digital microscope. Figure 3 shows the evolution of pH with exposure time, measured in the microcell, for a number of HNO 3 concentrations ranging from 10 mM to 150 mM. The initial pH is that expected based on the initial HNO 3 concentration. Subsequently, as corrosion proceeds, driven by one or more of the available proton-consuming cathodic reactions (Reactions [1] through [4] above), the pH changes slowly at a rate dependent on the initial H + "reservoir" before increasing approximately exponentially. This increase is arrested at a pH value between 3.7 and 3.4 which, as indicated by the horizontal line in Figure 3 , is close to the pK a for the HNO 2 dissociation reaction:
RESULTS AND DISCUSSION
The duration of this arrest, and the pH at which it occurs, varies only slightly with the initial [HNO 3 ]. The observation that HNO 2 is present indicates that NO − 3 reduction is occurring although, as will be demonstrated below, O 2 reduction is also occurring. Beyond the buffered region, a second increase in pH is observed indicting that corrosion is continuing until a final steady-state value between 4.5 and 5.1 is achieved, with the lower values again reflecting the larger overall H could be attributed to either or both of two influences: a dependence of the corrosion rate on [NO − 3 ]; and/or a pH dependence of the corrosion rate driven by O 2 reduction. Close inspection of Figure 5 suggests the rate may become independent of pH and/or [HNO 3 ] for [HNO 3 ] < 30 mM, although, a more extensive series of measurements is required to confirm whether this is the case.
Once the buffer capacity of HNO 2 is exhausted (pH 3.7 to 3.4), the pH increases further, indicating a continuation of the corrosion reaction (Figure 3) To investigate the evolution of the corrosion process as the pH changes, a series of identical microcell experiments were conducted in aerated solutions containing 100 mM of HNO 3 . Individual experiments were stopped at different times, the pH measured, and the concentration of dissolved Cu (Cu aq ) analyzed. The pH-exposure time plot (from Figure 3) Figure 6 . Three distinct regions of behavior are apparent. The first stage (light red in Figure 6 ) encompasses the exposure period within which the pH increases exponentially. To check that this series of experiments can be legitimately compared to that from Figure 3 Figure 6 ) corresponds to the region in which the pH is buffered by Reaction (5 Figure 6) show that the nature of the Figure 7 (c). In the latter case, this probably reflects the different dissolution rates of the adjacent grains, the height difference between the two grains being ∼3 μm. The AFM map depicts two grains corroding at similar rates, with preferential etching of the grain boundary occurring to a depth of ∼3 μm. These observations are consistent with published studies showing similar etching in acidic solutions. 
Consequently, two processes could account for the presence of a Cu 2 O surface layer: (i) the phase is formed and partially stabilized on the Cu surface by reaction with NO − 3 (as described above) and is an intermediate in the anodic dissolution process to produce Cu 2+ ; or (ii) large concentrations of Cu 2+ are unstable in the presence of Cu and react to form Cu 2 O. 41 In Stage 2, when [Cu aq ] is considerably higher (after 17 d) and corrosion is continuing, a scattered, unprotective corrosion product deposit is observed. In the optical and SEM images, Figures 8(a) and (b) , the etched morphology of the Cu substrate remains visible at locations not covered by corrosion product. The dark blue areas in the optical image, Figure 8(a) , indicate the location of the large crystals ( ≥ 50 μm in dimension) like the one shown in Figure 8(b) . Cuprite is known to form many derivatives of cubic structures, suggesting such truncated cubic structures are Cu 2 O. [42] [43] [44] [45] The SEM image, Figure 8 (c), also shows the presence of smaller cubic oxide particles with dimensions ranging from 2 μm to 10 μm. FIB-cut cross sections of these cubes, Figure 8 (d), shows they are strongly adherent to the Cu surface. SEM/EDS (energy dispersive x-ray spectroscopy) analyses suggest they are Cu 2 O. [42] [43] [44] [45] This is confirmed by the Raman spectra in Figure 8 (e), which exhibit strong signals at Figure 9(a) , or SEM images, Figures 9(b) and (c), the surface being covered by a compact featureless Cu 2 O layer with patches of light blue ( Figure 9 [a]) rouaite (Cu 2 NO 3 (OH) 3 ) platelets, Figure 9 (c). Raman spectra, Figure 9( Figure 9 (d), shows that the Cu 2 O layer present at the pH prevailing in this region, at which the solubility of Cu + will be significantly reduced, is compact and protective. As noted above, and illustrated in Figure 6 , the solubility limit for Cu 2+ at the pH prevailing in this region is also exceeded. In an attempt to determine the relative importance of the two possible cathodic reactions, a series of experiments (10) were conducted in 100 mM HNO 3 in the absence of dissolved O 2 in an anaerobic chamber for various durations. No measurable H + consumption was observed in any of the experiments including one that lasted for 363 d, Figure 10 . To emphasize the contrast with the rapid H + consumption under aerated conditions, the plot for this [HNO 3 ] (from Figure 3) is also included. SEM micrographs, Figure 11 , show corrosion was unobservable over the first 120 d of exposure despite the presence of the potential oxidant, HNO 3 . After 230 d, shallow pitting was observed which evolved after 363 d into a more general roughening of the surface, generally associated with the polishing lines. The very slow rate of corrosion is confirmed by ICP-MS analyses of the dissolved Cu concentration in the microcell, which increases from 1. was achieved. v While these results establish a feasible mechanism for the corrosion of Cu in aerated HNO 3 , the absence of clay sealing material precludes their direct application to deep geologic repository conditions.
